Abstract We examined how availability of brine shrimps, Artemia parthenogenetica, influenced temporal aspects of foraging behaviour and population dynamics of moulting black-necked grebes, Podiceps nigricollis, from late August to early December in four salt ponds in the Odiel marshes, southern Spain, in 2008 and 2009. The moulting grebe population was higher in 2009, coinciding with an increase in shrimp biomass, with a peak of 2,500 birds in October. Grebes increased their time spent foraging as the season progressed, coinciding with decreases in shrimp biomass and water temperature. Foraging activity was lower in 2009, when shrimp biomass was greater. Diving was the most frequent feeding method, especially as the season progressed. Brine shrimps at the bottom of the water column were larger than those near the surface. Differences between years in grebe body mass suggest that changing shrimp availability and water temperature had an influence on body condition. The grebe population consumed an estimated 0.2-2.0% of the standing crop of Artemia per day, with this fraction increasing as the season progresses, thus contributing to the decline in the Artemia population. Our results suggest that moulting grebes are probably only able to adjust foraging effort within certain limits, especially at the end of moulting period when thermal stress is greatest and food supply is lowest. They may leave the study area when they can no longer meet their energy requirements.
Introduction
Foraging behaviour is an important part of the daily routine in animals, forming an essential link between prey availability and ecological success (Martin, 1987; Varo & Amat, 2008) . Before arriving at wintering areas, many bird species perform a moult migration from their breeding sites to moulting areas (Salomonsen, 1968; Jehl, 1990a) . Such is the case of the black-necked grebe, Podiceps nigricollis, and flocks of 600,000-900,000 moulting grebes have been recorded in two saline lakes in North America (Jehl, 1988 (Jehl, , 1990a . In Europe, smaller flocks of about 10,000 moulting black-necked grebes have been recorded in several moulting areas, the Odiel marshes in southern Spain being one of the most important moulting sites (Van Impe, 1969; García-Jiménez & Calvo-Sendín, 1987; Iborra et al., 1991) . This moulting period is critical for grebes not only because they simultaneously lose all flight feathers (Jehl, 1988; Piersma, 1988) and are more vulnerable to predators, but also because they need to accumulate fat before moving to wintering areas (Winkler & Cooper, 1986; Jehl, 1988 Jehl, , 1990b . Therefore, grebes can be expected to make various foraging decisions, including prey and habitat selection and time budget allocation, in order to obtain the highest net energy gains.
The Odiel marshes have low invertebrate species richness (Sánchez et al., 2006a) , and the brine shrimp Artemia parthenogenetica is likely to be the most important food item for grebes, given its dominance amongst invertebrate biomass (Sánchez et al., 2006a) . Brine shrimps A. franciscana are the main prey of this grebe species in hypersaline moulting areas in North America (Cooper et al., 1984; Caudell & Conover, 2006a) . At the Odiel marshes, shrimps show a seasonal fluctuation in abundance across the moulting period (Sánchez et al., 2006a) , so that foraging responses of grebes to changing shrimp abundance should be expected in order to meet energy demands. For example, increasing energy consumption by increasing foraging effort is an obvious way to deal with decline in food abundance (Guillemain et al., 2000a; Guillemain & Fritz, 2002; Varo & Amat, 2008) .
This study focused on the role of food availability in controlling and regulating the moulting black-necked grebe population at Odiel marshes over a 2 year period. We analysed the foraging behaviour of grebes, and how the shrimp abundance influenced temporal aspects of foraging behaviour and the population dynamics of grebes across the moulting period.
Methods
The Odiel marshes (37°14 0 N; 6°57 0 W) is an estuarine complex of 7,185 ha formed at the mouths of the rivers Odiel and Tinto and containing 1,174 ha of salt pans. In the main, intensively managed block of salt pans (1,118 ha), sea water is pumped from primary to secondary evaporation areas and finally to crystallizers. The salinity gradually increases until the final crystallization ponds are reached (see Sánchez et al., 2006a for more details). In this study, our field work was conducted from August to December 2008 and 2009 in four ponds (76 h and 80 cm mean deep) within the secondary evaporation zone, where many grebes moult each year (L. García, unpubl. data) and brine shrimp is the most abundant invertebrate (Sánchez et al., 2006a) . Grebes are absent from crystallization ponds and less abundant in the primary than secondary evaporation ponds, and are much rarer outside our study period. For our analyses, we pooled data from all four ponds because they were adjacent, with hydrological connections and similar salinity, with regular interchange of both grebes and shrimps.
During this study, we counted the number of grebes each week by telescope. Grebes displayed considerable avoidance and vigilance behaviours when they observed us, facilitating counts. Only when we were very close did they dive to avoid us. We also recorded behavioural observations in a tape recorder, i.e. foraging (diving or pecking at the water surface), swimming, preening, flapping or resting. Blacknecked grebes are not thought to feed at night (Cooper et al., 1984) , and our behavioural observations were conducted between 09:00 and 12:00 h twice a month on days without wind. Each pond was scanned once on each date and at the same hour. We considered the percentage of all recorded grebes that were feeding as a measure of foraging effort. The moulting status (old plumage, moulting or new plumage) of the wing feathers of each grebe captured during weekly ringing operations by Estación Biológica de Doñana in our study area was recorded, as well as body mass to the nearest gram on an electronic balance.
Furthermore, we examined the gizzard contents of six grebes that died accidentally during ringing operations on different days, in order to obtain diet information. The oesophagi were empty. Gizzard contents were stored in 70% alcohol then later identified to the lowest possible taxonomic level using a binocular microscope. The percentage of total food content volume that was made up of each component was estimated by displacement (see Sánchez et al., 2005 for details) .
We estimated the brine shrimp abundance (BSA) by establishing 16 fixed study points in the study area. At each point, we regularly quantified shrimp biomass by filtering 100 l of the water column using a sieve with a 0.5 mm mesh. The shrimps collected were dried at 50°during 24 h, and then weighed to the nearest 0.1 mg with an electronic balance. Brine shrimp abundance was considered here as dry mass of shrimp per 100 l. The size distribution of shrimps was also estimated in separate samples from the same study points. We sieved shrimps from 10 l of water from the bottom, and 10 l of water from the top of the water column. These shrimps were photographed the same day in the lab with a digital camera, and then measured on a computer using Image J software. The total length (including tail) was measured for each individual. We aimed to sample all 16 points weekly, but stopped sampling in the presence of strong wind which has a strong effect on brine shrimp distribution (Sánchez et al., 2006a) . The number of points sampled therefore ranged from 0 to 16 per week.
Since our study area of 76 ha had a mean depth of 80 cm, we estimated the total water volume as 680,000 m 3 . Combined with data on shrimp abundance, this allowed us to estimate the standing crop of Artemia (CA). Thus, CA i = (680,000 m 3 * BSA i )/ 0.1 m 3 , where CA i is the estimated crop of Artemia on day i and BSA i is the mean brine shrimp abundance measured on day i. In addition, based on the literature (Caudell & Conover, 2006a) , we estimated the daily energetic requirements of the grebe population as 525.92 kJ per bird per day, and the energy content of dry Artemia as 21.88 kJ per g of dry mass. Thus, we could estimate how much Artemia the grebes ate to meet their requirements. Throughout the study period, water temperature was measured every hour using StowAway Tidbit underwater data loggers placed on the bottom.
We used two-way ANOVAs to analyse the effects of week, year and their interaction on brine shrimp biomass (square root transformed). Student's t tests were used to compare the size of shrimps at the top and bottom of the water column and annual variation in grebe body mass. A Wilcoxon Matched-Paired test was used to compare the foraging effort of grebes between years. The relationships between foraging effort and brine shrimp biomass was analysed using Spearman correlations. All statistical tests were performed using Statistica 6.0 (Statsoft Inc., Tulsa, OK, USA).
Results
The moulting period of black-necked grebes extended from mid summer until early winter (Fig. 1) . The moulting grebe population was larger in 2009 than 2008, with the highest number of grebes recorded in the last week of October in both years ( Fig. 2) . Gizzard contents (n = 6) suggested that brine shrimps were the main prey, as Artemia represented 60-90% of the volume of food items in each gizzard. The other food items recorded were Ochthebius (Coleoptera), Hydrobia (Gastropoda) and Corixidae (Hemiptera).
Habitat conditions for grebes varied as the moulting season progressed and also between years. Water temperature gradually declined between September and November, but with major variation between years for a given date (Fig. 3 ). For example, November was much cooler in 2008. Overall, temperature ranged from a minimum of 8.5°C on November 27th and a maximum of 30.8°C on September 10th in 2008 and from a minimum of 9.8°C on November 30th to a maximum of 32.8°C on September 7th in 2009. We found major seasonal and annual variation in shrimp biomass, with a strong week 9 year interaction (F 7, 153 = 5.49, P \ 0.001; Fig. 4 ). In particular, shrimp biomass was greater in 2008 than 2009 in the second week of September (s2; Fig. 4 ), while the opposite occurred in the other weeks. When s2 was removed from the analysis, the week 9 year interaction was no longer significant (F 6, 133 = 5.49, P = 0.190, Fig. 4 ). Brine shrimps were consistently larger at the bottom than at the top of the water column throughout the study (Table 1) . At the start of the moulting period, grebes had a higher body mass in 2008 (Table 2 ). In contrast, from mid November onwards, the body mass of grebes was greater in 2009 (Table 2) Table 3 ). Diving was always the dominant foraging activity, and tended to become relatively more important than pecking as time passed (Table 3 ). There was a significant negative correlation between the foraging effort of grebes and brine shrimp biomass in 2008 (r s = -0.785 P = 0.036), but not in 2009 (r s = 0.070, P = 0.879; Fig. 5 ).
Discussion
Changes in food abundance led to foraging responses by moulting grebes in the Odiel marshes, as previously recorded in other waterbirds (Guillemain et al., 2000a; Systad et al., 2000; Guillemain & Fritz, 2002; Varo & Amat, 2008) . When brine shrimps were less abundant in 2008, grebes increased foraging effort, Differences were analysed using Student t tests. a = August; s = September; o = October; n = November; d = December; 1 = first week; 2 = second week; 3 = third week; 4 = fourth week 2.9 0 a = August; s = September; o = October; n = November; d = December; 1 = first fortnight; 2 = second fortnight Hydrobiologia (2011) 664:163-171 167 probably to compensate for a reduced foraging intake rate. In both years, the foraging effort of grebes also increased as the moulting season progressed, coinciding with a decrease in the availability of brine shrimps. This seasonal increase in foraging effort may partly have been due to the reduction in the number of daylight hours available for foraging (Krams, 2000; Systad et al., 2000) . Water temperature is likely to have also been important for two reasons: (1) as temperature decreased, heat loss by convection will have increased, raising the energy requirements of the grebes, and (2) the decline in shrimp abundance in early winter, towards the end of the moulting period, was related to cold winter temperatures (Sánchez et al., 2006a) . Feeding behaviour might also be affected by other factors such as wind speed (Green et al., 1999; Heath et al., 2008) , or the time of day when data were recorded (Heath et al., 2008) , but in our study all foraging observations were conducted at the same time and on days without wind. In the Great Salt Lake, grebes also increased their time spent foraging when brine shrimp densities were low (Caudell & Conover, 2006b ). Our analysis of gizzard contents confirmed the dominance of brine shrimps in the grebe diet at the Odiel marshes. The major alternative prey for waterbirds are benthic chironomid larvae (Sánchez et al., 2006c, d) , whose hard head parts are resistant to digestion (Sánchez et al., 2005) but were absent from our samples. Shrimp availability determined the feeding method of moulting grebes at Odiel marshes. Grebes fed mainly by diving, despite a higher energetic cost than feeding at the surface (Bevan & Butler, 1992; de Leeuw, 1996; Quintana et al., 2007) . Grebes forage only during daylight hours because they are visual predators (Cooper et al., 1984) and brine shrimps undergo vertical diurnal migrations, concentrating at the bottom during daytime so as to escape avian predation (Britton et al., 1986) . The Odiel marshes are frequented by shorebirds and gulls unable to access Artemia on the bottom (Sánchez et al., 2006a, d) . The largest Artemia were concentrated at the bottom, and these probably have a relatively higher energetic content than smaller ones and provide a higher intake rate for grebes (Caudell & Conover, 2006a; Sánchez et al., 2006c) . Furthermore, Differences between years were tested with Student t tests. a = August; s = September; o = October; n = November; d = December; 1 = first week; 2 = second week; 3 = third week; 4 = fourth week Artemia occur at higher density at the bottom of the water column (C. Matesanz, M.I. Sánchez and N. Varo, unpublished data). Thus, grebes probably increase their energy intake by increasing diving effort to get to more and larger shrimps, thus meeting the high energy demands during moulting (i.e. Winkler & Cooper, 1986; Jehl, 1988 Jehl, , 1990b . As expected, shrimp abundance appeared to influence the population dynamics of grebes at the Odiel marshes. Food availability may regulate animal population dynamics (Martin, 1987; Odonoghue & Krebs, 1992; Abbott et al., 2008) , and the greater availability of brine shrimps found in 2009 might explain the higher numbers of grebes that year. Similarly, it has previously been shown that the density of migrating shorebirds in our study area was related to the availability of aquatic invertebrates (Sánchez et al., 2006a, d) . Likewise, the density of wintering shoveler Anas clypeata was related to zooplankton density in French sewage ponds (Guillemain et al., 2000b) . Moreover, the combination of a change in shrimp supply and water temperature between years seems likely to explain the recorded differences in grebe body mass at the end of the two moulting periods. Grebes had a higher body mass at the end of the moulting period in 2009, coinciding with greater brine shrimp biomass and higher water temperatures, suggesting that body mass, and especially fat stores, were influenced both by energetic gain when food supply is greater and energetic loss due to colder water. Diving birds typically decrease body temperature when submerged, so their foraging costs increase when thermal stress is greatest (Bevan & Butler, 1992; Heath et al., 2008) .
The sharp decline in brine shrimp abundance at the end of autumn observed in the Odiel marshes (see also Sánchez et al., 2006a ) is also observed in North America (Cooper et al., 1984; Wurtsbaugh & Gliwicz, 2001) . We estimated that grebes consumed between 0.18 and 2.04% of the standing crop of Artemia per day, with a gradual increase in this percentage as the season progressed (Table 4 ). Estimations of energetic Caudell & Conover, 2006a) . Pond volume was estimated as 680,000 m 3 (76 h of surface * 0.80 m of mean depth). a = August; s = September; o = October; n = November; d = December; 1 = first week; 2 = second week; 3 = third week; 4 = fourth week requirements of grebes did not account for the effects of changes in water temperature, so our estimates probably underestimated the strength of the seasonal increase in the daily % standing crop consumed by grebes. It is unclear what contribution grebe predation made to the seasonal decline in Artemia biomass. It is likely that grebe predation accelerates the decline in Artemia biomass, although it may not be the principal cause, which is more likely to be the declining temperatures (Cooper et al., 1984; Wurtsbaugh & Gliwicz, 2001) . Similarly, in sewage ponds, shovelers were thought to accelerate a winter decline in zooplankton density (Guillemain et al., 2000a) . Furthermore, predation by shorebirds on spring migration has been shown to reduce the density and size of benthic chironomid larvae at Odiel marshes (Sánchez et al., 2006c) . Further studies analysing recruitment rates and the effect of cestodes (Sánchez et al., 2006b ) on brine shrimp populations will help us to elucidate the relative importance of grebe predation on shrimp population dynamics.
To our knowledge, this article presents the first detailed study of the foraging behaviour of moulting black-necked grebes in Europe. It is likely that moulting grebes are only able to adjust foraging effort within certain limits, given the number of daylight hours and the need to spend time in other activities (Caudell & Conover, 2006b) . At the end of moulting period when thermal stress is greatest and food supply is lowest in the Odiel marshes, grebes may not be able to meet their energy requirements. Grebes probably responded by shifts in spatial distribution and left our study area when they were no longer in energy balance. This study highlights the value of studying foraging behaviour to infer the effects of changing habitat conditions on population dynamics and also has implications for conservation. The moulting grebe population in the Odiel marshes is highly dependent on the population of A. parthenogenetica, which is under threat of possible invasion by the invasive A. franciscana, which has eliminated native Artemia from many sites in the Iberian Peninsula (Amat et al., 2005) and appears to be a less suitable prey for waterbirds. In addition, the corixid Trichocorixa verticalis has a major predatory effect on Artemia in its native range in North America (Wurtsbaugh, 1992) and has recently invaded areas close to the Odiel marshes (Rodrí-guez-Pérez et al., 2009; Van de Meutter et al., 2010) .
Therefore, future management activities should attempt to minimize any impact these invasions may have on the A. parthenogenetica and blacknecked grebe populations.
